to the damaging effects of reactive oxygen and nitrogen species and therefore, these organelles are equipped with a number of free radical scavenging systems. In particular, the mitochondrial glutathione (GSH) pool is a critical antioxidant reserve that is derived entirely from the larger cytosolic pool via facilitated transport. The mechanism of mitochondrial GSH transport has not been extensively studied in brain. However, the dicarboxylate (DIC) and 2-oxoglutarate (OGC) carriers localized to the inner mitochondrial membrane have been established as GSH transporters in liver and kidney. Here, we investigated the role of these carriers in protecting neurons from oxidative and nitrosative stress. Immunoblot analysis of DIC and OGC in primary cultures of rat cerebellar granule neurons (CGNs) and cerebellar astrocytes showed differential expression of these carriers, with CGNs expressing only DIC and astrocytes expressing both DIC and OGC. Consistent with these findings, butylmalonate
INTRODUCTION
Mitochondrial oxidative stress (MOS) and mitochondrial dysfunction are convergence points in the underlying pathologies of several devastating neurodegenerative disorders [1] . For instance, previous studies have provided significant evidence for increased mitochondrial oxidative damage and organelle dysfunction in Parkinson's Disease (PD) and amyotrophic lateral sclerosis (ALS) [2] [3] [4] . Overall, mitochondrial dysfunction leads to an increase in reactive oxygen species (ROS) which damage mitochondrial DNA, lipids, and proteins [1] . Moreover, ROS-induced alterations in mitochondrial membrane potential and permeability can trigger a positive feedback mechanism known as ROS-induced ROS release, which has the potential to propagate oxidative stress signals from mitochondria-to-mitochondria, thus exacerbating cellular injury [5] . These findings indicate that mitochondrial free radical scavenging systems, such as the essential antioxidant glutathione (GSH), are critical to protect neuronal cells from MOS.
GSH exists as a discrete mitochondrial pool and a much larger cytosolic store. The mitochondrial GSH pool is considered to be an indispensable antioxidant reservoir. For example, selective depletion of the mitochondrial GSH pool within cerebellar granule neurons (CGNs) induced opening of the mitochondrial permeability transition pore, increased ROS production, and caused significant cell death, while depletion of the cytosolic GSH pool did not elicit these deleterious effects [6] . In a similar manner, specific depletion of mitochondrial GSH in astrocytes rendered these glial cells more vulnerable to both oxidative and nitrosative stress [7] . Based on these previous studies, mitochondrial GSH appears to be a critical antioxidant that supports both glial and neuronal cell viability.
Several factors indicate that GSH transport into mitochondria occurs via a facilitated process. These factors include a lack of the enzymes necessary for GSH synthesis within mitochondria, the negative potential of the inner mitochondrial membrane, the net negative charge of GSH at physiological pH, and the approximately equal concentrations of GSH in the cytosolic and mitochondrial compartments [8, 9] . Previous studies have shown that two inner mitochondrial membrane anion transporters, the dicarboxylate carrier (DIC, Slc25a10) and the 2-oxoglutarate carrier (OGC, Slc25a11), are capable of transporting GSH into renal and hepatic mitochondria [9] [10] [11] . Mechanisms of mitochondrial GSH transport in brain have only recently been investigated. Using isolated mitochondria from whole brain, one study determined that mitochondrial GSH transport may depend on the function of the tricarboxylate carrier [12] . A second study showed that cortical neurons and astrocytes express both DIC and OGC. However, in isolated mitochondria from whole cortical tissue, only the activity of DIC appeared to influence mitochondrial GSH content [13] . To date, the mechanism of mitochondrial GSH transport utilized by neurons specifically has not been examined. Furthermore, the consequences of inhibiting either DIC-or OGC-dependent mitochondrial GSH transport on neuronal susceptibility to oxidative or nitrosative stress are unknown. Here, we demonstrate a key role for DIC-dependent mitochondrial GSH transport in the maintenance of the mitochondrial GSH pool and protection of CGNs from oxidative and nitrosative stress.
EXPERIMENTAL PROCEDURES
Materials-Butylmalonic acid, phenylsuccinic acid, primary antibody against β-tubulin, poly-l-lysine (PLL), GSH monoethylester, L-malate, and Hoechst stain were purchased from Sigma Aldrich (St. Louis, MO). HA14-1 was acquired from Alexis Biochemicals (Enzo Life Sciences, Plymouth Meeting, PA). GSH assay kit was purchased from Oxford Biomedical (Rochester Hills, MI). Anti-MAP2 was purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Mitochondrial/ Cytosolic fractionation kit was received from Biovision (Mountain View, CA). Antibody against Cox-IV was obtained from Cell Signaling (Beverly, MA). Primary rat astrocyte cultures were purchased from ScienCell (Carlsbad, CA). Anti-GFAP, anti-GAPDH, anti-DIC (Slc25a10) and anti-OGC (Slc25a11) antibodies were purchased from Abcam (Cambridge, MA). Sodium nitroprusside (SNP) was received from Calbiochem (Gibbstown, NJ). Horseradish peroxidase-conjugated secondary antibodies and reagents for enhanced chemiluminescence detection were purchased from Amersham Biosciences (Piscataway, NJ). ViraBind ® Adenovirus Miniprep Kit and QuickTiter TM Adenovirus Titer Immunoassay kits were purchased from Cell Biolabs (San Diego, CA). Adenoviral siRNA1 and siRNA2 against DIC and the scrambled adenoviral control were constructed as previously described [14] . siRNA1 targets DIC from bp 119 GCU UCG AAU GAC UGG AAU G and siRNA2 targets DIC from bp 354 GCA GAU UUG GUC AAU GUC A, while the scrambled siRNA sequence has no known gene homology GAG ACC CTA TCC GTG ATT A [14] . Cerebellar Granule Neuron (CGN) Cell Culture-CGNs were isolated and cultured from P7 Sprague-Dawley rat pups based on the methods previously described [15] . CGNs were maintained in Basal modified eagle's medium, containing 10% heat inactivated fetal bovine serum, 25 mM potassium chloride, 2 mM L-glutamine and 100 U/mL/100 µg/mL penicillin/ streptomycin at 37°C in 10% CO 2 . Primary Rat Cerebellar Astrocyte Cell Culture-Primary rat cerebellar astrocyte cultures were grown on PLL coated flasks in Basal Medium Eagle media containing 10% heat inactivated fetal bovine serum, 2 mM L-glutamine and 100 U/mL/100 µg/mL penicillin/ streptomycin. Cells were plated on PLL coated 6-well plates and grown to approximately 80% confluency at 37°C in 10% CO 2 , at which time cells were utilized for the described experiments. Immunofluorescence Staining-CGNs and/or astrocytes were treated as described under the "Results" section and fixed with 4% paraformaldehyde. Cells stained for β-tubulin were blocked and permeabilized in 5% BSA/0.2% Triton X-100 PBS for 1 h. Cells were then inbucated with primary antibody overnight at 4°C, at a dilution of 1:500 in 2%BSA/0.2% Triton X-100 in PBS. Cells were then washed 5x in PBS and incubated in secondary antibody for 1 h at RT, at a dilution of 1:250 in 2%BSA/0.2% Triton X-100 in PBS. Cells were then washed 5x and placed in anti-quench solution. For cells with only nuclei stained, cells were fixed as above and incubated with Hoechst dye (8 µg/mL) in PBS for 1 h at RT. Cells were then washed 5x with PBS and placed in anti-quench. Images were captured using a Zeiss Axiovert-Zoom inverted epifluorescence microscope. Mitochondrial/Cytosolic FractionationCells were treated as indicated in the "Results" or " Figure Legend" sections afterwhich the medium was aspirated and cells were washed 1X in ice cold PBS, pH 7.4. 200 µL of cytosolic buffer (provided in the kit, diluted 1:5 in ddH 2 O, with added protease inhibitor cocktail and 1mM DTT as per the manufacturer's recommendations) was added to the cells and allowed to incubate on ice for 20 min. Cells were scraped and harvested, then homogenized with 40 passes of a dounce homogenizer. Samples were spun down at 720 rcf for 10 min at 4°C. The supernatanat from each sample was transferred to a new tube labeled mitochondrial fraction and spun at 10,000 rcf for 30 min at 4°C. The supernantant was then transferred to a new tube labeled cytosolic fraction and the pellet in the mitochondrial fraction tube was resuspended in 150 µL mitochondrial buffer (provided in the kit, with added protease inhibitor cocktail and 1mM DTT as per the manufacturer's recommendations). Samples were measured immediately for GSH content as described below. GSH Assay-GSH was measured using an assay kit (DTNB) from Oxford Biomedical, following the manufacturer's protocol. All GSH measurements were normalized to protein concentration. GSH concentrations were determined using a GSH standard in the DTNB assay and reported as nmole of GSH per mg of protein. Percent of mitochondrial GSH versus and percent of cytosolic GSH were calculated using the slope of the kinetic assay and the appropriate dilution factor.
Cell Lysis-CGNs were infected with the indicated adenoviral construct (shown in "Results" section) as described below. After which CGNs were washed in 1x PBS over ice and incubated with 1% Triton-X-100 in Wahl Buffer (20 mM HEPES, pH 7.4, 50 mM NaCl, 1 mM EGTA, 5 mM β-glycerophosphate, 30 mM sodium pyrophosphate,100 μM sodium orthovanadate, 10 μg/ml leupeptin, and 10 μg/ml aprotinin) for 10 min. Cells were harvested by scraping and spun down at 10,000 rpm for 2 min and the cell supernatant was removed. Immunoblot Analysis-Following mitochondrial/ cytosolic fractionation or cell lysis, a BCA protein assay (Pierce Chemical Co.) was used to determine protein concentration. Equal concentrations of protein were resolved by SDS-PAGE and immunoblotted as previously described [15] . Purification and Titering of Adenoviral Constructs-Adenoviral constructs were amplified in a HEK 293 AD cell line by adding 10 µL of the respective adenovirus to 4 ml of media for 1.5 h. After which 16 ml of medium was added to the flask and cells were incubated at 5% CO 2 and 37°C for 48 h, or until the beginning signs of cytotoxicity were observed. Cells were harvested and the adenoviral constructs were purified as per the manufacturer's recommendations in the ViraBind ® Adenovirus Miniprep Kit. Adenoviral constructs were titered as per the manufacturer's recommendations in the QuickTiter TM Adenovirus Titer Immunoassay Kit. Adenoviral knockdown of DIC-CGNs were infected with adenoviral constructs at an MOI of 100 for 48 h, after which experiments were completed. Statistical Analysis-One-way analysis of variance tests followed by post-hoc Tukey's tests were performed to determine statistical significance between data sets. A p value of <0.05 was considered statistically significant. A minimum of three independent experiments were completed for each figure.
RESULTS

Differential expression of the mitochondrial GSH transporters, OGC and DIC, within
CGNs and cerebellar astrocytes. To determine the specific cellular expression of the previously identified mitochondrial GSH transporters within the cerebellum we employed the use of primary rat CGN and primary rat cerebellar astrocyte cultures ( Figure 1A ). We first completed immunoblots against DIC and OGC on mitochondrial fractions of these primary cultures. Here, we show that CGNs express DIC but no detectable OGC. In contrast, cerebellar astrocytes express both DIC and OGC ( Figure 1B) .
Inhibition of DIC but not OGC specifically reduces the mitochondrial GSH pool in CGNs.
We next examined the effects of butylmalonate and phenylsuccinate, DIC and OGC inhibitors, respectively, on mitochondrial GSH levels within CGNs. Dose responses were initially completed in order to establish a maximal non-cytotoxic level of each of these inhibitors (data not shown). Accordingly, CGNs were treated with 5 mM butylmalonate or 5 mM phenylsuccinate overnight. After subfractionation of CGNs into mitochondrial and cytoplasmic fractions, GSH was quantified using a DTNB colorimetric assay. CGNs showed a significant reduction of the mitochondrial GSH pool when treated with butylmalonate but they displayed no decrement in the cytosolic pool ( Figure 2 ). Interestingly, phenylsuccinate had no discernible effect on either the mitochondrial or cytosolic pools of GSH within CGNs (Figure 2 ). These results are consistent with the immunoblot analysis which demonstrated that the CGNs expressed DIC but not OGC ( Figure 1B ). Immunoblot analysis of the subcellular fractions for cytochrome c oxidase IV (Cox-IV) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) verified the purity of the mitochondrial and cytosolic fractions, respectively ( Figure 2 ). Furthermore, mitochondrial GSH comprised 14.3% +/-2.7% of total cellular GSH at a concentration of 6.9 +/-1.10 nmoles/mg, consistent with previous studies (mean +/-SEM, n=6) [16] [17] [18] [19] . Inhibition of DIC or OGC function specifically decreases the mitochondrial GSH pool in cerebellar astrocytes. In order to resolve the mitochondrial GSH transporters utilized in cerebellar astrocytes, these cultures were incubated overnight with 5 mM butylmalonate or 5 mM phenylsuccinate, after which the cerebellar astrocytes were subfractionated and GSH was quantified as described above. Cerebellar astrocytes displayed a significant level of mitochondrial GSH depletion with phenylsuccinate, but no effect of this inhibitor on the cytosolic pool of GSH ( Figure 3 ). Although the results for butylmalonate did not reach statistical significance, the trend towards mitochondrial GSH depletion with this inhibitor is in agreement with the previous immunoblot analysis showing that these astrocytes express both DIC and OGC ( Figure 1B ). Furthermore, mitochondrial GSH comprised 13.4 +/-3.9 % of total cellular GSH at a concentration of 2.0 +/-0.78 nmoles/mg, consistent with previous studies (mean +/-SEM, n=4) [17] [18] [19] . Cox-IV blots showed consistent mitochondrial fractions. Although immunoblotting indicated that the mitochondrial phenylsuccinate sample contains GAPDH, this finding alone does not definitively demonstrate cytosolic contamination of this fraction. For instance, a previous study showed that GAPDH can localize to the mitochondria under conditions of mitochondrial permeability transition pore activation [20] . Given the significant depletion of mitochondrial GSH observed with phenylsuccinate, this mitochondrial perturbation may be occurring in astrocytes. Second, if the phenylsuccinate mitochondrial samples did indeed contain significant cytosolic contamination, then we would expect to see a marked increase in mitochondrial GSH compared to controls because the cytosolic GSH pool is much larger than that of the mitochondrial GSH pool. Instead, we observe the opposite effect where phenylsuccinate significantly reduces the mitochondrial GSH pool in cerebellar astrocytes ( Figure 3) . Inhibition of DIC-dependent mitochondrial GSH transport renders CGNs more susceptible to oxidative stress induced by HA14-1.The unique dependence of CGNs on DIC-dependent transport provided a valuable model for examining the effects of specific inhibition of mitochondrial GSH transport on neuronal sensitivity to oxidative stress. To this end, CGNs were preincubated overnight with either 5 mM phenylsuccinate or 5 mM butylmalonate. Incubation with these doses of inhibitors are not cytotoxic on their own ( Figure 4A , BM panels and 4B, quantification). Next, CGNs were treated for an additional 4 h with 12.5 μM HA14-1, alone or in combination with butylmalonate or phenylsuccinate. We have previously shown that HA14-1 causes GSHsensitive intrinsic apoptosis and mitochondrial oxidative stress, through the inhibition of Bcl-2 in CGNs [15] . Therefore, we utilized this BH3 mimetic, HA14-1, as a model of oxidative stress. Incubation with 12.5 μM HA14-1 alone for 4 h had no significant effect on CGN survival ( Figure 4A , HA14 panels and 4B, quantification). However, inhibition of mitochondrial GSH transport through the DIC using butylmalonate, rendered the CGNs significantly more sensitive to this oxidative stressor ( Figure 4A , BM+HA14 panels and 4B, quantification). In contrast, pre-incubation with the OGC inhibitor, phenylsuccinate, did not significantly impact the susceptibility of CGNs to oxidative stress induced by HA14-1, again consistent with our data showing that CGNs do not express OGC (Figure 4B quantification) . Inhibition of DIC-dependent mitochondrial GSH transport renders CGNs more susceptible to nitrosative stress induced by the nitric oxide donor, SNP. We next examined the effects of selective mitochondrial GSH depletion, through the inhibition of mitochondrial GSH transport, on the vulnerability of CGNs to nitrosative stress. As described above, CGNs were preincubated overnight with either 5 mM phenylsuccinate or 5 mM butylmalonate. Incubation with these doses of inhibitors were not cytotoxic to CGNs on their own (Figure 5A BM panel and PS panel). Next, CGNs were treated for an additional 6 h with the nitric oxide donor SNP, at a concentration (25 μM) that was also not cytotoxic on its own ( Figure 5A SNP panel) . Some CGNs were also treated with SNP in combination with butylmalonate or phenylsuccinate. Consistent with the results described above for HA14-1, pre-incubation with butylmalonate but not phenylsuccinate rendered CGNs more susceptible to nitrosative stress-induced apoptosis ( Figure  5A , compare BM+SNP to PS+SNP panels). Quantification of these data showed a statistically significant increase in CGN apoptosis induced by SNP in cells preincubated with butylmalonate versus cells incubated with butylamalonate alone ( Figure  5B ).
Inhibition of DIC-dependent mitochondrial GSH transport does not render CGNs more susceptible to apoptosis induced by deprivation of depolarizing potassium.
Previous studies have shown that removing depolarizing potassium (5K) induces CGN apoptosis and that this insult is insensitive to the addition of GSH-MEE [21, 22] . Therefore, to determine if incubation of CGNs with the DIC inhibitor, butylmalonate, nonspecifically enhances the sensitivity of CGNs to any toxic insult, we examined the effects of 5K within this system. Incubation with 5K alone for 10 h had a significant deleterious effect on CGN survival ( Figure 6A , 5K panel and 6B, quantification). However, inhibition of mitochondrial GSH transport through the DIC, using butylmalonate, did not render the CGNs more sensitive to 5K ( Figure 6A , BM+5K panel and 6B, quantification). Therefore, inhibition of GSH transport through the DIC does not indiscriminately render CGNs more susceptible to insults which are insensitive to GSH.
A cell permeable form of GSH protects
CGNs from the sensitizing effects induced by inhibition of DIC-dependent mitochondrial GSH transport. Next, we used a cell permeable form of GSH, GSH monoethylester, to determine if the sensitization of CGNs to oxidative and nitrosative stress induced by the inhibition of DIC-dependent mitochondrial GSH transport was indeed due to the observed reduction in mitochondrial GSH (see Figure  2 ). CGNs were pre-incubated with 5 mM butylmalonate overnight, after which they were treated with either 12.5 μM HA14-1 (for 4 h) or 25 μM SNP (for 6 h) in the absence or presence of 2 mM GSH monoethylester. Again, incubation with butylmalonate, SNP, and HA14-1 individually did not induce significant levels of apoptosis compared to control conditions ( Figure 7B) . However, as shown previously, pre-incubation with butylmalonate induced significant susceptibility to both oxidative and nitrosative stress caused by these insults ( Figure 7A , BM+HA14 panels and 7B, quantification). Moreover, the cellpermeable form of GSH significantly protected CGNs from the sensitizating effects induced by inhibition of DICdependent mitochondrial GSH transport ( Figure 7A, BM+HA14+GSH-MEE panels) . Quantification of these data showed statistically significant protection upon the addition of GSH monoethylester, when compared to the sensitizating conditions of pre-treatment with butylmalonate and subsequent addition of HA14-1 or SNP ( Figure 7B) . Addition of malate fails to protect CGNs from the sensitizing effects induced by inhibition of DIC-dependent mitochondrial GSH transport. Mitochondrial anion transporters work in concert with one another in order to transport critical molecules into and out of the mitochondria for energy production. Previous studies have shown that the DIC has the ability to transport malate bidirectionally in exchange for phosphate [23] . However, the tricarboxylate carrier transports malate into the mitochondria in exchange for citrate. Therefore, the DIC and the tricarboxylate carrier work in tandem, where DIC transports malate out of the mitochondria and the tricarboxylate carrier transports malate into the mitochondria [24] . These transport processes are critical for cell survival because citrate is a crucial component of fatty acid synthesis within the cytosol, while malate is required for the citric acid cycle (TCA) in the mitochondrial matrix. Therefore, an important control experiment when inhibiting DIC-dependent transport function is to examine if malate is capable of protecting CGNs from the sensitizing effects of butylmalonate. This experiment is necessay to demonstrate that the sensitizing effects induced by inhibiting DIC-dependent transport function are not due to disruption of the malate transport capacity of the DIC. Here, we pre-incubated CGNs with 5 mM butylmalonate in the absence or presence of 5 mM malate. Following these pre-incubations, CGNs were then treated for 6 h with 25 μM SNP. In the presence of malate, pre-incubation with butylmalonate and subsequent SNP treatment induced an even greater amount of CGN apoptosis as compared to butylmalonate in the presence of SNP alone ( Figure 8A , compare BM+SNP panel to BM+MA+SNP panel). However, preincubation with malate alone followed by SNP treatment did not increase apoptosis beyond control levels ( Figure 8A , MA+SNP panel). Quantification of these data showed a statistically significant increase in vulnerability to nitrosative stress after CGNs were pre-incubated with both malate and butylmalonate compared to butylmalonate pre-incubation alone ( Figure 8B ). Adenoviral siRNA-mediated knockdown of DIC renders CGNs more susceptible to oxidative stress. Finally, we utilized two distinct adenoviral constructs encoding siRNA against rat DIC and a scrambled control construct to examine their effects on neuronal vulnerability to oxidative stress. After 48 h of infection with the adenoviral constructs, CGNs were treated with 12.5 μM HA14-1 for 4 h. In addition, a parallel group of cells from each adenoviral infection were lysed and analyzed for DIC protein levels. As expected, the siRNA DIC adenoviral constructs consistently induced a significant knockdown of DIC expression compared to CGNs infected with the scrambled control ( Figure 9A , siRNA1 33.6% +/-16%, n=3; siRNA2 48 +/-11 %, n=9; mean +/-SEM, reduction in DIC protein level normalized to β-tubulin). Neither of the adenoviral constructs caused any significant apoptosis on their own ( Figure 9B , Scram, siRNA1 and siRNA2 panels). However, CGNs infected with either the DIC siRNA1 or DIC siRNA2 adenovirus and subsequently treated with HA14-1 showed a significant increase in apoptosis compared to CGNs infected with the scrambled control virus and then incubated with HA14-1( Figure 9B , compare Scram+HA14 to siRNA1+HA14 and siRNA2+HA14 panels). Quantification of these data showed that knockdown of DIC with either of two distinct adenoviral siRNA constructs significantly sensitized CGNs to oxidative stress-induced apoptosis when compared to infection with the scrambled control construct ( Figure 9C ).
DISCUSSION
Given that previous studies have demonstrated enhanced sensitivity of both neurons and astrocytes to specific depletion of mitochondrial GSH, it is perhaps not surprising that inhibition of mitochondrial GSH transport would produce similar effects [6, 7] . However, it is striking that the discrete inhibition of a single inner membrane transport protein, DIC, is sufficient to significantly sensitize neurons to both oxidative and nitrosative stress. We chose to use CGNs as a model for inhibition of mitochondrial GSH transport based on their apparent dependence on DIC-mediated GSH transport. Interestingly, a mere ~32% reduction in mitochondrial GSH through specific inhibiton of DIC, leads to a dramatic increase in the susceptibility of CGNs to both oxidative and nitrosative stress induced-apoptosis. We used both chemical inhibition of DIC (butylmalonate) and molecular knockdown of DIC (adenoviral siRNA) in order to show that discrete inhibition of this single transporter could render CGNs more susceptible to apoptosis. As discussed previously, the mitochondrial GSH pool is an indispensible reservoir of this critical antioxidant. Several studies have shown that specific depletion of mitochondrial GSH versus depletion of the cytosolic GSH pool, leads to neuronal degeneration as well as increased vulnerability of astrocytes to both oxidative and nitrosative stress [6, 7] . Furthermore, depletion of mitochondrial GSH may occur upstream of mitochondrial dysfunction and oxidative stress, suggesting that reductions in mitochondrial GSH may act as a trigger for these pathological mechanisms [25] . Based on our data, it becomes an interesting possibility that dysfunction of one or more mitochondrial GSH transport proteins could lead to the enhanced susceptibility of neurons in the CNS to oxidative and nitrosative stress. This may be particularly relevant within chronic neurodegenerative diseases (e.g., PD or ALS), which have been hypothesized to occur via multiple "hits" involving gene-environment interactions as underlying pathological mechanisms [26] . To date, a role for DIC or OGC dysfunction in neurodegeneration has not been examined.
In the context of neurodegenerative diseases, the devastating triad of GSH depletion, mitochondrial dysfunction, and oxidative stress has been implicated in the underlying pathology of a large number of disorders such as Alzheimer's Disease, PD, and ALS [1, 2, [27] [28] [29] [30] . Specifically, GSH has been shown to be depleted within the substantia nigra of PD patients [31] . Moreover, depletion of nigral GSH was detected in a mouse model of PD before the onset of complex I deficiency and neurodegeneration [32] . Similarly, in a familial mouse model of ALS, the G93A mutant hSOD1 mouse, GSH depletion in the spinal cord was positively correlated with disease onset and progression [33] . Forced reduction of GSH levels in the G93A mutant hSOD1 mouse model, through the knockdown of gamma-glutamyl cysteine ligase modifier subunit (the rate limiting enzyme in GSH synthesis) led to a decrease in lifespan, increased oxidative stress, and accelerated motor dysfunction [34] . Furthermore, in sporadic ALS patients, erythrocyte GSH levels were found to be diminished while lipid peroxidation levels were significantly increased compared to healthy age-matched controls [35] . Despite this abundunt and compelling evidence for a key role of GSH depletion within neurodegenerative diseases, neither mitochondrial GSH nor mitochondrial GSH transport mechanisms explicitly, have been studied within models of these diseases.
To further support the role of DICdependent mitochondrial GSH transport as a protective mechanism in neurons, while excluding the contribution of interference with the malate transport function of DIC, we examined whether malate would protect CGNs from the sensitizing effects of DIC inhibition to nitrosative stress. Our results show that addition of malate in the presence of the DIC inhibitor butylmalonate caused CGNs to become more susceptible to nitrosative stress than in the presence of butylmalonate alone. This result can be attributed to the competitive inhibition produced by butylmalonate and malate together, on DIC-dependent mitochondrial GSH transport. Butylmalonate inhibits DIC through competitive inhibition by binding to the transport site, and because it is an analog, it does not become transported or metabolized [9, 36] . Therefore, addition of malate with butylmalonate at the same concentration, would allow malate to out compete butylmalonate for transport. However, by adding both of these chemicals together, GSH would have to compete with both malate and butylmalonate, therefore causing an even more significant reduction in mitochondrial GSH transport, and a greater vulnerability to nitrosative stress. In contrast to malate addition, the sensitizing effects induced by DIC inhibition with butylmalonate could be rescued by adding back GSH as a cell permeable esterified form. Therefore, since malate was unable to protect CGNs from the enhanced susceptibility induced by DIC inhibition, while adding back GSH did prevent these effects, we are able to rule out deficits in fatty acid synthesis and the TCA cycle as the mechanism by which CGNs become vulnerable to apoptosis, leaving mitochondrial GSH transport as the most probable mechanism. Depletion of mitochondrial GSH and increased susceptibility to oxidative and nitrosative stress did not occur in CGNs exposed to phenylsuccinate, ruling out the possibility that chemical analogs of commonly transported anions are capable of nonspecifically inducing neuronal susceptibility to these insults. Futhermore, butylmalonate did not render the CGNs more vulnerable to a GSH-insensitive insult, 5K-induced apoptosis. The specificity of the sensitizing effects of butylmalonate is also supported through the use of two distinct adenoviral siRNAs to knockdown DIC, which similarly induced increased susceptibility to oxidative stress compared to a scrambled control virus.
Previous studies have shown that whole brain mitochondria utilize the tricarboxylate carrier (Slc25a1) as a mitochondrial GSH transport protein, while mitochondria isolated specifically from cerebral cortex, which express both DIC and OGC, use primarily DIC as a mitochondrial GSH transport protein [12, 13] . Our study shows that CGNs are dependent on DIC, while cerebellar astrocytes use both DIC and OGC as mitochondrial GSH transport proteins. CGNs appear to be unique because they are insensitive to phenylsuccinate; however, based on the relatively small decrease in mitochondrial GSH (~32%) observed with butylmalonate, it cannot be ruled out that a second inner membrane transporter, such as the tricarboxylate carrier, is also being used to transport GSH into CGN mitochondria. Overall, more studies are necessary to determine the identity of a second transport protein that contributes significantly to mitochondrial GSH transport within CGNs.
Several studies have shown that MOS plays a key role within neurodegenerative diseases such as PD and ALS. In one such study, a partial knockdown of the mitochondrial specific manganese-superoxide dismutase (SOD2) led to a significant decrease in survival and a greater decline in motor function within the G93A mutant hSOD1 mouse model [37] . In addition, overexpression of SOD2 in a differentiated human neuroblastoma cell line protected from cell death induced by the overexpression of several different mutant SOD1 proteins [38] . These studies indicate the importance of maintaining the mitochondrial redox status on neuronal viability. Mitochondrial SOD2 and mitochondrial GSH (via the activity of GSH peroxidase) work in concert to abolish the free radicals generated by leakage from the electron transport chain, and these antioxidants are equally important in maintaining the redox balance within mitochondria. Therefore, the prior mentioned studies focused on SOD2, in combination with our data, indicate that the antioxidant repertoire of mitochondria is critical in protecting neurons from pathological mechanisms common to many neurodegenerative diseases.
In addition to defining the specific transport proteins involved in mitochondrial GSH transport in the CNS, the regulation of mitochondrial GSH transport is also an area which is not well understood. We have previously shown that Bcl-2 plays a central role in maintaining the mitochondrial GSH pool in CGNs and is also capable of directly binding GSH [15] . Furthermore, Bcl-2 is an interacting partner of OGC, and cooverexpression of these proteins leads to a significant increase in mitochondrial GSH [16] . Finally, Bcl-2 homology-3 domain (BH3)-only proteins (e.g., Bim) and BH3 mimetics antagonize the Bcl-2/GSH interaction and inhibit GSH transport into isolated rat brain mitochondria [15, 16] . Therefore, Bcl-2 appears to play a crucial role in regulating mitochondrial GSH transport. This point becomes particularly relevant when considering that Bcl-2 function is often compromised within neurodegenerative diseases. For instance, Bcl-2 expression has been shown to be significantly decreased within the spinal cord of ALS patients [39] . In the G93A mutant hSOD1 mouse model of familial ALS, the mutant SOD1 protein was found to interact with Bcl-2 and form dysfunctional aggregates with Bcl-2 at mitochondria [40] . This interaction between G93A mutant SOD1 and Bcl-2 was also shown to induce a toxic conformational change in Bcl-2, which prevents it from performing its antiapoptotic function [41] . Therefore, it would be of interest to determine if these deficits in Bcl-2 protein expression, or its interaction with G93A mutant SOD1, lead to consequential decreases in mitochondrial GSH transport in the context of specific neurodegenerative diseases like ALS.
In summary, we have shown that by modulating mitochondrial GSH transport through the specific inhibition of a discrete inner membrane transporter, DIC, neurons become more vulnerable to apoptosis induced by oxidative or nitrosative stress. This study provides novel insights into the importance of mitochondrial GSH transport in maintaining neuronal survival and suggests that understanding the mechanisms involved in the regulation of mitochondrial GSH transport in neurons may reveal novel therapeutic targets for neurodegenerative disorders. A. Primary rat CGN cultures were fixed and stained for β-tubulin (red), MAP2 (green) and Hoechst (blue). Primary rat astrocyte cultures were fixed and stained for GFAP (green) and Hoechest (blue). B. CGN and cerebellar astrocyte cultures were subfractionated into mitochondrial and cytoplasmic fractions using differential centrifugation as described in the Material and Methods. Protein lysates from the mitochondrial and cytosolic fractions were resolved using SDS-PAGE and immunoblotted for DIC and OGC. Immunoblotting for beta-tubulin was used as a measure of fraction purity. Figure 2 . Inhibition of DIC but not OGC specifically reduces the mitochondrial GSH pool in CGNs. CGN cultures were treated with vehicle (DMSO, Con), 5 mM butylmalonate (BM), or 5 mM phenylsuccinate (PS) overnight. Cells were then subfractionated into mitochondrial and cytoplasmic fractions using differential centrifugation. Mitochondrial and cytosolic fractions were measured for total GSH content using a DTNB assay. Data are represented as percent of control GSH. **p<0.01 compared to Con, NS=not significant, n=4 experiments with each treatment performed in duplicate. Protein lysates were resolved using SDS-PAGE and immunoblotted for Cox-IV and GAPDH to indicate pure fractionations. Mitochondrial and cytosolic fractions were measured for total GSH content using a DTNB assay. Data are represented as percent of control GSH. **p<0.01 compared to Con, NS=not significant, n=3 experiments with each treatment performed in duplicate. Protein lysates were resolved using SDS-PAGE and immunoblotted for Cox-IV and GAPDH to indicate pure fractions. . Adenoviral siRNA-mediated knockdown of DIC renders CGNs more susceptible to oxidative stress. A. CGNs were infected for 48 h with a scrambled (Scram) or two distinct DIC-specific siRNA (siRNA1 or siRNA2) adenoviruses. Cells were lysed; proteins were resolved by SDS-PAGE and immunoblotted for DIC (upper blots) and β-tubulin (lower blots). B. CGNs were infected as described in A; after which, cells were then either left untreated (Scram, siRNA1 or siRNA2) or treated with 12.5 μM HA14-1 (Scram+HA14, siRNA1+HA14 or siRNA2+HA14) for 4 h. Cells were fixed and nuclei were stained with Hoechst. Panels show representative fields of decolorized nuclei. Arrow heads indicate apoptotic nuclei. Scale bar represents 10 microns C. Cells were infected/treated as in B and apoptosis was quantified as the percentage of cells with condensed and/or fragmented nuclei.*p<0.05 versus Scram+HA14, **p<0.01 versus Scram+HA14, n=3 experiments with each treatment performed in triplicate.
